This paper addresses community-scale fires, which have also been called urban/wildland interface or intermix fires. These fires arise when wildland fires invade the built environment and attack structures as well as wildland fuels. The prediction of the spread of wildland fires, such as those occurring out West during the summer of 2000, has been accomplished through "operational" mathematical models. These models are based on empirical correlations for wildland fuels and have generally performed well. They fail, however, when the fire spreads to the built environment where the empirical correlations no longer apply and where there is greatly increased potential for property damage, injury and death. The Oakland and Berkeley Hills fire of October 21, 1991, and the Los Alamos fires of May 2000 are examples of community-scale fires. The potential fuel loadings for various land uses demonstrates that structures generally provide much higher loadings than wildlands do. While this comparison is useful, it could also be misleading since generally, not all of the potential fuel in either the wildland or the built environment will burn. Furthermore, often the time scales for ignition and the heat release rates for the wildland fuel and the fuel in the structures will be widely disparate, and these differences will influence both the spread rate of the fire and its persistence. Although the NIST computational model known as the Fire Dynamic Simulator (FDS) was developed to study building fires, it is now being extended to study community-scale fires. These extensions require much higher resolution data on local topography, buildings, vegetation, and meteorological conditions. They also require additional research on the mechanisms by which fires spread in the built environment between discrete elements, such as structures or structures and trees. This paper addresses community-scale fires, which have also been called urban/wildland interface or intermix fires. These fires arise when wildland fires invade the built environment and attack structures as well as wildland fuels. The prediction of the spread of wildland fires, such as those occurring out West during the summer of 2000, has been accomplished through "operational" mathematical models. These models are based on empirical correlations for wildland fuels and have generally performed well. They fail, however, when the fire spreads to the built environment where the empirical correlations no longer apply and where there is greatly increased potential for property damage, injury and death. The Oakland and Berkeley Hills fire of October 21, 1991, and the Los Alamos fires of May 2000 are examples of community-scale fires. The potential fuel loadings for various land uses demonstrates that structures generally provide much higher loadings than wildlands do. While this comparison is useful, it could also be misleading since generally, not all of the potential fuel in either the wildland or the built environment will burn. Furthermore, often the time scales for ignition and the heat release rates for the wildland fuel and the fuel in the structures will be widely disparate, and these differences will influence both the spread rate of the fire and its persistence. Although the NIST computational model known as the Fire Dynamic Simulator (FDS) was developed to study building fires, it is now being extended to study community-scale fires. These extensions require much higher resolution data on local topography, buildings, vegetation, and meteorological conditions. They also require additional research on the mechanisms by which fires spread in the built environment between discrete elements, such as structures or structures and trees.
INTRODUCTION
Fires in the West have been headlines in the news for most of the summer of 2000. Changes in the management of forested lands, the increasing intrusion of man into more remote areas and the cyclic dry periods produced by El Nino -La Nina have all increased the destruction of manmade structures by fires. Wildland fires now often spread into the built environment causing injury, death and property damage. Concern about wildland fires and their effects on man and the built environment has produced several recent conferences Livingston (2000) , Keller (2000) , Platt (2000) . While these conferences acknowledge the need to address fire spread in a mixed environment containing both structures and wildland fuels, i.e., community-scale fires, they have continued to focus on wildland fires where understanding and predictive models of the fire spread are well developed.
Compared with wildland fires, those which impact the built environment are generally more costly, both in terms of loss of life and injury and also in terms of property damage. What characterizes fires in the built environment and how do they differ from wildland fires? By comparing and contrasting community fires and wildland fires, we hope to characterize conceptual differences between the two. Then, we suggest research areas needed to develop a mathematical model to describe fire spread in the built environment, where both individual structures and wildland fuelstrees, shrubs and ground litter -compose the fuel inventory.
Note first that the manner in which the fires are fought differs dramatically. Most communities have either professional or volunteer fire departments, which usually respond to individual structure fires in the built environment. Wildland fires, on the other hand, usually occur in federal or state owned land and are therefore the responsibility of one or more government agencies. Both the training and the response of community fire departments are very different from units trained to fight wildland fires, and only in a few locations are firefighters given cross training to fight both types of fires. Furthermore, the scientific communities which study each type of fire and the corresponding literatures are almost disjoint.
In 1998 there were 1.75 million responses by local fire departments, with about a half million being structures (others involving vehicles, materials outside of structures, etc.) Karter (1999) . Over 4000 civilian deaths and 17,000 injuries occurred as a result of these fires, and the cost of the fires was about $ 8.6 billion. Significantly, the number of fires in various categories together with associated losses have either remained the same or decreased since 1977, the first year that the NFPA (National Fire Protection Administration) conducted its survey using current methodology.
In contrast, in the West during the summer of 2000, there were about 80,000 fires, which destroyed about 7 million acres and required about $ 1 billion in Federal funds for suppression costs. Expectations are that future wildland fires will continue at rates more like the summer of 2000 than those in recent summers past. The federal agencies responsible for control of these fires reside in the Department of Interior (DOI) and the Department of Agriculture. They are the National Park Service, the U.S. Geological Survey, the Bureau of Land Management, the Fish and Wildlife Service and the Bureau of Indian Affairs, all part of the DOI, and the Forest Service which is part of Agriculture.
The acreage of wildland destroyed by fires has undergone considerable variation during the twentieth century, and this variation has lead to substantial changes in forest management strategies. Recently for example, fires in wooded areas have begun to be viewed in much more ambivalent terms; it has been recognized that smaller and more frequent fires can clean out debris, thin woods and make them healthier and more resistant to large, catastrophic fires. The so-called "prescribed burn" has now become a tool by which wildlands are managed.
In the next section, we characterize the fuel load by land use. First, a brief review of the literature on the characterization of wildland fuels is presented. Then, we look at the corresponding literature concerning structural fires. In each case the emphasis is on the potential fuel loadings available for burning in various settings. In the third section, we examine differences arising from attempts to mathematically model each type of fire. A brief discussion of wind-driven fire spread models in wildlands is presented, since these models are relatively well developed. Furthermore, they have been used extensively for research, training, planning (for prescribed fires for example), and to provide real-time emergency-response predictions to guide fire fighting operations. The corresponding models are not available for multiple-structure community fires. Finally, we discuss extensions to a computational model developed by NIST which could be used to address the problem of predicting community-scale fire spread in areas containing both vegetation and structures (the so-called urban-wildland intermix).
POTENTIAL FUEL LOADINGS
The most basic characterization of land use relative to fire is the amount of fuel available on the land. Specifically, the potential fuel energy loading per unit area is a useful measure which allows a direct comparison between fuels in wildland settings and those in man-made structures. While this comparison is useful, it could also be misleading since generally, not all of the potential fuel in either the wildland or the built environment will burn. Furthermore, often the time scales for ignition and the heat release rates for the wildland fuel and the fuel in the man-made structures will be widely disparate, and these differences will influence both the spread rate of the fire and its persistence.
Wildland Fuels
Fuel characterization and fire behavior in wildlands is the subject of several books: Pyne et al (1996) , Chandler et al (1983a) , Chandler et al (1983b) , Brown and Davis (1973) and Luke and McArthur (1973) . Chandler et al (1983a) describe the total amount of plant material, both living and dead, but excluding roots and animal matter as phytomass. They state that the total phytomass on any site has a physiological upper limit:
, where W is the total phytomass in newtons/m 2 (tons per hectare) and A is the stand age in years. The degree to which this limit is approached depends on the site quality, but is not dependent on the particular vegetation. Potential fuel loading is the maximum fuel available, or the amount of material that could be consumed in the most intense fire. Available fuel loading is the amount of fuel that is expected to burn under specified fire weather conditions, and is therefore widely used for planning prescribed fires where weather conditions are known in advance. Usually, foliage and small crown material (branches and twigs of 5 cm (2 inch) diameter or less) is what burns in tree crown fires.
Wildfires have been characterized in terms of 13 standard fire behavior fuel models, whose properties are tabulated by Pyne et al (1996) . All fuel loads are given in terms of fuel mass per area (tons/acre), with a footnote stating that, for all fuel models, the energy content per mass is 18.6 MegaJoules (MJ)/kg (8000 Btu/lb). The data for fuel loadings are restated in Table 1 , first in units of kilograms per hectare, and then, in GigaJoules (GJ) per hectare.
Wildland fuels are composed mostly of lignin and cellulose in both living (green) and dead forms and vary widely in distribution, physical characteristics and their effect on fire behavior. Chandler et al (1983a) give the composition, heat of combustion, and moisture content of living tree material. This information plus the composition and heat of combustion for "an average tree" are presented in Table 2 below. From this chart, we infer that average wildland fuels yield about 15-20 MJ/kg, a value consistent with that stated above by Pyne et al (1996) . Dry fuel characteristics for individual conifers can also be inferred from data in the NIST Report by D.W. Stroup et al. (1999) in which eight scotch pines were separately burned. Measurements included weight before and after each burn, height and width of each tree and moisture content before the test. During each burn, the oxygen consumption rate was inferred from captured combustion gases. The oxygen consumption can be related to the heat release rate (HRR), using a factor which is approximately constant for all fuels (oxygen calorimetry). The mass loss determines the total energy released, and agrees approximately with the integral of the HRR with respect to time. The initial mass of these trees ranged between 9.5 kg to 28.1 kg, and the energy per unit mass for complete consumption of these partially dried conifers was found to be about 17 MJ/kg, again confirming the values stated above. Heavy logging slash 16000-62000 300-1100 . The last two columns display for an "average tree," a dry weight composition and the corresponding heat of combustion, with the moisture content and the heat of vaporization for this "average tree" being given in the last row.
Fuel Loading from Structures
Burning man-made fuels and fires in enclosures are the subject of books by Drysdale (1985) and Quintiere (1998) . In addition, a review by Pitts (1991) . deals with wind effects on urban mass fires.
In the suburban and urban setting, the key quantity is the density of houses -together with the combustible material in these houses -in determining fuel loading and fire behavior. The density of trees, shrubs and ground cover (grass) may still be important for determination of the fire behavior, but clearly house density is critical.
An estimate of the energy release rate during a house fire in the Oakland and Berkeley Hills fires was made by Trelles (1995) and by Trelles and Pagni (1997) . According to these estimates, a house burns at a peak rate of 45 MW for 1 h (yielding about 160 GJ), and then dies down over another 6 h period. The die-down of the fire is approximated as two steps, one 10 MW for 3 h and the last as 5 MW for 3 more h. The total burn time is 7 h, and the total energy released by the house is 324 GJ. If, as assumed also, there is brush around each house which releases another 5 MW for one h, then an additional 18 GJ of energy will be released. If the house is assumed to be 15 m by 15 m by 5 m, then we estimate the total potential fuel loading per unit area to be of order 1.44 GJ/m 2 , the peak HRR per unit area to be of order 0.2 MW/m 2 , and the volumetric heat release rate to be of order 0.04 MW/m 3 . For comparison, oil has an energy content of about 42 MJ/kg, and oil pool fires yield a heat release rate per unit area of approximately 2 MW/m 2 , see McGrattan et al. (1996) , and Baum (1999) . Furthermore, Chandler et al (1983b) describe the concept of an "ideal" burning rate, which was first introduced by Tewarson and Pion (1976) , and they tabulate the ideal burning rates for several fuels. Liquid hydrocarbons have ideal heat release rates per unit area ranging between 0.7 and 3.0 MW/m 2 . The corresponding rate for wood is about 0.26 MW/m 2 .
Wildland and Urban Fuel Loading
The only reference of which we are aware that discusses technical issues related to wildland and community fires is Chapter 8 of Chandler et al. (1983b) . entitled, "Fire at the Urban-Forest Interface." This chapter makes several very important observations. First, the authors note that fuel loadings in buildings are typically many times those in a forest: "the heaviest likely fuel load in the forest is less than the lightest load for a structure." Next they observe that fuels in buildings include a variety of combustibles whereas forest fuels are exclusively cellulosic. The authors also point out several important differences between burning in a structure and burning forest fuels. Moisture, which is very important during burning, is controlled within a building, but is determined in wildlands by environmental factors such as the sun, wind and precipitation. Radiation from an indoor fire is trapped inside the building whereas most radiation in a wildland fire escapes. Similarly, most convective heat is trapped in an indoor fire whereas it is lofted into the atmosphere in a wildland fire. Finally, oxygen is severely limited in an indoor fire whereas it is virtually unlimited in a wildland fire.
The first point concerning the potential fuel loading differences between structural fires and wildland fires is illustrated in Table 8 .1 of Chapter 8 of Chandler et al. (1983b . Here A is the age of the forest in years and N is the number of floors in a multistory building.
Finally, the data from the past sections and the chart above are combined in Table 4 , where the description of land use is presented with likely numbers of trees and houses per hectare. We have divided the description of the land use into four basic categories: wildland, rural, suburban and urban; and the wildland and rural categories have been further subdivided. This information can also be plotted as shown in Figure 1 . In this figure, the number of structures per hectare is plotted as the abscissa and the ratio of the vegetation energy load to the structure energy load is the ordinate. In this diagram, wildland covers the upper left corner of the diagram, where the number of structures is small and the vegetation energy load is relatively high, whereas the urban area occupies the lower right corner. Also shown on this plot are several fires for which we estimated, from information available, the potential energy load per hectare where the fires did their greatest damage to the built environment, whether the fires began there or elsewhere. Table 4 : Land use described by tree and housing density (units/hectare).
MODELING FIRE SPREAD Wildland Fires
The types of wildfires, their spread rates and intensities were summarized in a review article by Albini (1984) and are presented in Table 5 . The wildfire types are ground fires (which burn or smolder in the subsurface organic material at a very slow rate), surface fires (which are most common and variable, and which burn in the material on the ground surface, such as debris, grass or chaparral) and crown fires (which are relatively rare, but spectacular and highly dangerous). An additional column has been added to this table to show the energy density of the consumed fuel, which can be determined from the numbers given in by Albini: if I is the intensity of the fire, and v is the spread rate, then the energy density E = I/v. Albini (1984) . Also shown are fuel energy density implied by these values.
Fuel moisture and continuity are primary factors in the behavior of wildfires and in the difficulty of bringing them under control. Other fuel properties described by Chandler et al. (1983a) and by Pyne et al. (1996) , which influence fire spread, are size and shape distribution, compactness and arrangement of the fuel. Wind conditions and topography are non-fuel-related factors which also influence fire spread. Finally, spotting or branding of a fire is yet another factor which influences its spread Albini (1981) , Albini (1983) , and . (Spotting or branding is airborn burning debris lofted by the fire and carried by both ambient and fire-induced winds to locations separate and often remote from the main flaming region; these brands generally ignite additional fires in the new locations.)
For wildland fires, mathematical models are regularly used to predict the likely burn development for expected meteorological conditions. These models, which are known as operational models, have largely developed through empirical correlations over the past few decades. In the United States, they include the Rothermel model, Rothermel (1972) , and models known as BE-HAVE, Andrews and Bevins (1999) , and FARSITE, Finney and Andrews (1999) , with the last one being the most recent and most highly developed.
Generally, these operational models have served well as long as the fires are confined to wildlands. They are based on the assumption that the fuels can be represented by continuum beds, which may be inhomogeneous and anisotropic, but nevertheless are continuous. They fail, however, when conditions lie outside of those for which the empirical relations were developed, such as when fires become very intense and induce significant buoyant plumes with resulting atmospheric convection, Clark (1996) .
Fire Spread in the Built Environment
These operational models regard the meteorological conditions as prescribed, and have not considered the winds generated by the fire itself. However, for large fires, the self-generated winds may be significant and can even dominate the fire-spread behavior Clark (1996) , . Furthermore, to our knowledge, the only studies to consider the discrete nature of fuel elements are the study by Carrier et al. (1991) , which examined the effects of discrete fuel elements in a wildland fire, and the study by Himoto and Tanaka (1997) , which examined fire spread by radiation between structures in an urban setting.
When the built environment becomes involved, as in the Oakland and Berkeley Hills fire of October 21, 1991, or more recently the Los Alamos fires of May 2000, these models are totally ineffective. They cannot predict the spread of fire because the building fuel loads are larger and discrete. In these community-scale fires, buildings, as well as large individual trees, must be regarded as discrete fuel elements. At a fundamental level, the physical mechanisms controlling fire spread are very different than those in wildland fires. The empirical correlations upon which the wildland-fire models have been developed are no longer valid. No validated predictive models of fires in an urban or urban/wildland setting exist to our knowledge.
The NIST computational code, known as the Fire Dynamics Simulator (FDS), was originally developed to predict fire spread within buildings. Over the past few years, it has also been used to predict smoke and hot gas plume behavior produced by outdoor fires. In addition, more recently, it has been used to predict wind fields in the built environment with one to ten meter resolution over regions measuring up to one kilometer or so on a side. All of these simulations require only a current high-end PC running overnight. The code can be downloaded free from the URL: http://fire.nist.gov. It consists of two components, a computational fluid dynamics (CFD) code, called fds, written in Fortran 90 for computation of fire-driven flows, and an OpenGL graphics program known as smokeview for visualization of results, see , , and Forney and McGrattan (2000) .
The model has now been applied to several specific sites, including the NIST campus and individual plots of land in a small community, each of which includes at least one structure and many trees. At this time, the trees participate in the flow dynamics by providing wind resistance to the ambient or fire-driven flows, see Rehm et al. (2000) ; however, there is no submodel yet for tree burning in these simulations. The combustion is calculated using a mixture-fraction formulation, and radiation transport is also included, see . In the simulation, brands, shown as black spots, are produced and carried by the wind in a dynamically simple, but correct manner. However, at present, there is no mechanism for the brands to ignite combustible material downstream of the fire.
Figure 2:
Three frames of a simulation of fire spread on a parcel of land containing a house, trees and dry grasses. These frames are taken at different times during the fire progression, and are qualitatively correct if the fire spread is primarily along the ground material. As noted in the body of this paper, several submodels must still be developed, tested experimentally and incorporated into these simulations. It is extremely important to note that the overall model must be able to describe the progression of a fire among discrete fuel elements, structures, trees and shrubs. Figure 2 shows a composite of three frames from a simulation of wind-blown fire spread on a parcel of land on which there is a structure and wildland fuels (trees and dry grass). In this simulation, the fire (shown as red "flames") begins upwind of the building and progresses as a ground-fire toward the structure. The trees modify the incoming wind profile by providing drag, but, as noted above, the trees do not burn. The porch of the house is assumed to be made of easily ignitable material, while the house is not. Therefore, the porch, but not the house ignites. Submodels are still needed for burning of an individual tree, brand disributions produced by a tree or by a house, and brand spotting or ignition of downwind materials. All of these submodels must also be calibrated and validated through laboratory experiments, and probably later by limited full-scale burns.
Through these simulations, we are beginning to develop an understanding of the mechanisms by which fires progress in a community where both structures and wildland fuels coexist. Such
